Objective. To compare alternative strategies for specifying cancer-free control cohorts for estimating cancer-attributable costs of care. Data Source, Study Design, Data Extraction. Secondary data analysis of Surveillance, Epidemiology, and End Results data linked to Medicare claims among patients diagnosed with colorectal, lung, breast, and prostate cancers, 2007-2011. We estimated cancer-attributable costs using three alternative reference cohorts: (1) noncancer Medicare patients individually matched by demographic characteristics, (2) noncancer patients individually matched on demographic factors and comorbidity score, (3) cancer patients as their own control, using prediagnosis costs. Principal Findings. Among 44,266 colorectal, 61,584 lung, 55,921 breast, and 67,733 prostate patients, mean total Medicare spending in the first year of diagnosis was $59, 496, $54,261, $31,895, and $26,305, respectively. Estimates of cancer-attributable costs ranged from 79 percent to 82 percent of spending for colorectal, 76 percent-79 percent for lung, 65 percent-74 percent for breast, and 60 percent-75 percent for prostate cancers, depending on the reference cohort used. For all cancers, estimates were higher when patients were used as their own control, compared to demographic and comorbidity-matched controls. Conclusions. Choice of reference group can have a substantial impact on proportion of total costs attributed to cancer and should be clearly defined in analyses of the costs of cancer care.
accurately estimate and assign costs to particular diagnoses will be of increasing importance for allocating resources and for determining reimbursements.
Although many investigators have estimated the costs of medical care attributable to cancer, there has been no consistent and standard methodology used, and methods have varied in terms of the data sources used, patient populations studied, and types of costs included (Brown et al. 2002; Barlow 2009; Riley 2009; Krahn et al. 2010; Tangka et al. 2010; Yabroff et al. 2011; Zheng et al. 2016) . Not only does this make critical evaluation of cost estimates challenging, but it also leads to diverging estimates and comparisons among studies difficult. For example, one approach, as used by the Medical Expenditure Panel Survey, categorizes individual costs as cancer versus noncancer based on the service item (Shakespeare et al. 2003) . However, this method is resource-intensive to implement and also limited by the fact that multiple conditions may contribute to the same cost, or a particular condition may influence the costs associated with treating other diagnoses. Therefore, costs are not mutually exclusive, and the same expense could be assigned to multiple conditions.
Another common method, rather than assigning costs based on service item, attempts to calculate "net costs" by comparing costs of a cancer cohort to a noncancer control group (Yabroff et al. 2008) . This approach has the advantages of using more readily available claims data, being less time-intensive to implement, and arriving at an estimate that more closely approximates the incremental cost of having cancer.
However, defining an appropriate noncancer comparison group for calculating net costs is not straightforward, as it is not possible to observe an identical patient over an identical time period in both a cancer and noncancer state. Comparison groups frequently used in the literature include (1) matched noncancer patients and (2) patients as their own control using a pre-cancer diagnosis period. When using a noncancer comparison group, patients have typically been matched based on readily available demographic characteristics, such as age, gender, race, and place of residence. Less frequently, noncancer patients have also been matched based on clinical characteristics, such as comorbidities, using a variety of matching schemes, such as individual versus frequency matching (Mandrekar and Mandrekar 2015) , to identify controls. Although a variety of comparison cohorts have been used in the literature, it is not clear to what extent choice of comparison cohort influences the estimation of cancer-attributable costs (Barron et al. 2008; Krahn et al. 2010; Tangka et al. 2010; Cipriano et al. 2011; Mariotto et al. 2011; McMahon et al. 2011; Gruber, Stock, and Stollenwerk 2012; Mittmann et al. 2014) .
In this study, we examine estimates of cancer-attributable costs based on the use of comparison cohorts and measure how alternative specifications of cancer-free control cohorts influence these estimates.
METHODS

Data Sources
We used data from the National Cancer Institute's SEER cancer registries linked to Medicare claims data. SEER registries collect data on patient demographics, cancer site, stage, histology, and dates of diagnosis and death. Medicare claims, both inpatient and outpatient, have been linked to SEER for patients over age 65. SEER data for patients diagnosed from January 1, 2007, through December 31, 2011, were linked to data from Medicare Parts A, B, and D, including claims from hospice, durable medical equipment (DME), and home health (HHA) from December 1, 2005, through December 31, 2012.
Study Cohorts
The cancer patient cohort included Medicare-enrolled patients over age 66 diagnosed with colorectal, lung, breast, or prostate cancer from 2007 to 2011 in a SEER surveillance area. Subjects were continuously enrolled in Medicare Parts A and B and not in an HMO from 13 months prior to diagnosis until death or through 2012 for surviving patients.
Three comparison cohorts were constructed: (1) noncancer patients individually matched based on demographic characteristics, (2) noncancer patients individually matched on demographic characteristics and comorbidity score, and (3) cancer patients in the prediagnosis period as their own control. Individual matching was used over frequency matching, because analyses by stage and between the comparison cohorts required cancer cases to be individually "paired" with controls.
The matched noncancer patient comparison cohorts included Medicare-enrolled patients drawn from a random 5 percent sample of Medicare beneficiaries residing in the SEER areas and without a SEER cancer diagnosis from 2007 to 2011. The first matched comparison cohort was constructed by selecting noncancer patients that were individually matched in a 3 : 1 ratio to cancer patients based on demographic characteristics only (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) 80+; gender; race: white, black, other; and SEER region: Northwest, South, Midwest, West) . In the second comparison cohort, patients were matched on demographic characteristics in addition to a modified Charlson comorbidity score (0, 1, 2, 3, 4-5, 6-8, 9+ ) for the year prior to diagnosis using Deyo's implementation (Deyo, Cherkin, and Ciol 1992) of the Charlson score (Charlson et al. 1987) applied to both inpatient and outpatient claims, as suggested by Klabunde for cancer patients (Klabunde et al. 2000) .
The third comparison cohort, the "own comparison" cohort, was identical to the cancer patient cohort, but inflation-adjusted costs in the year prior to diagnosis were used as comparison to estimate costs in the absence of a known cancer. Thus, we required all study patients to be Medicare eligible for at least 13 months prior to their diagnosis date.
All three comparison "control" cohorts were matched on demographic characteristics (Table S1 ). We summarize the modified Charlson comorbidity score and percent of patients surviving to the end of the comparison period for the cancer and control cohorts in Table 1 .
Analysis
We calculated total monthly Medicare costs in the first year of diagnosis among patients with each cancer, using Medicare claims data from Parts A, B, and D files, including MedPAR, Carrier/NCH, Outpatient, DME, HHA, Hospice, and Part D files. All cancers reported to the SEER program, including in situ cancers, were included in cost estimates. Monthly costs were calculated irrespective of survival, meaning that patients dying in the first year of diagnosis contributed $0 monthly costs after death and remained in the denominator. The first year of diagnosis was defined as starting from one month prior to the diagnosis date (month À1) recorded by the SEER program until 11 months following diagnosis (month 10). For each noncancer patient, a "pseudodiagnosis" date was assigned in the year of diagnosis, and all costs for the matched noncancer cohorts were calculated relative to that date. For the cancer patients' "own comparison" cohort, costs were calculated in the prediagnosis period starting from 13 months (month À13) until 2 months prior to diagnosis (month À2). All costs were inflation-adjusted to 2013 U.S.$ based on the federal hospital insurance (HI) and supplementary medical insurance Due to study design, the distribution of comorbidity and demographics of these comparison cohorts were identical to those of the cancer cases for the specified strata, although, for the cancer patients' "own control" cohort, controls were exactly one year younger. § Modified Charlson comorbidity score for the year prior to (pseudo) diagnosis using Deyo's implementation of the Charlson score applied to both inpatient and outpatient claims, as suggested by Klabunde for cancer patients. ¶
For cancer cases and matched noncancer controls, the comparison period is defined as one month prior to the (pseudo) diagnosis date through 11 months following diagnosis; for the cancer patients' "own control" cohort, the comparison period is defined as 13 months through 2 months prior to diagnosis. Cancer-attributable costs were estimated by subtracting monthly costs for a patient from one of the three comparison cohorts from monthly costs for the cancer patient. Thus, for a given patient, in year 1 (t=months from diagnosis):
Mean cancer-attributable costs in the first year were calculated by averaging cancer-attributable costs, as calculated above, among all patients. Median cancer-attributable costs were calculated by taking the median of the cancer-attributable costs over the full year among all patients. We then calculated the proportion of cancer patients' total Medicare costs that were attributable to cancer. Sensitivity analyses were performed in which patients were censored at death and mean monthly cancer-attributable costs were calculated only among surviving patients.
Mean differences in cancer-attributable costs across the three comparison cohorts were compared by t-test for the noncensored analysis (i.e., dying patients remaining in the denominator for all months) and by bootstrapping with 1,000 replicates for the censored analysis (i.e., dying patients removed from the denominator after their month of death).
Analyses were performed separately for each cancer type. Notably, attributable costs are distinct from costs; specifically, it is possible for attributable costs to be negative. Although analyses of costs are typically performed using log-transformation, we used the nontransformed attributable costs as the dependent variable; due to the large sample size, this analysis is robust to deviations from the normal distribution. p-values were two-sided, and values less than .05 were considered statistically significant. SAS software (version 9.4; SAS Institute, Cary, NC, USA) was used for all analyses.
RESULTS
We identified 44,266 colorectal, 61,584 lung, 55,921 breast, and 67,733 prostate cancer patients diagnosed from 2007 to 2011 in the SEER surveillance areas who satisfied our inclusion criteria. All three comparison cohorts were well matched on the demographic characteristics of the cancer patients Estimating Cancer-Attributable Costs (Table S1 ). Modified Charlson comorbidity scores and survival from diagnosis are summarized in Table 1 . Compared to noncancer comparison cohorts matched only on demographic characteristics, lung and colorectal cancer patients were less likely to have modified Charlson comorbidity score 0 (43 percent vs. 58 percent and 53 percent vs. 56 percent, respectively), whereas breast and prostate cancer patients were more likely to have comorbidity score 0 (61 percent vs. 59 percent and 63 percent vs. 59 percent, respectively). One-year survival was similar for the demographic and demographic + comorbidity-matched cohorts, with the largest differences versus cancer patients being observed for lung and colorectal cancer patients.
Mean total Medicare spending in the first year of diagnosis was $59,496, $54,261, $31,895, and $26,305 for colorectal, lung, breast, and prostate cancer patients, respectively (Figure 1 ). Median spending was lower than mean spending for all cancers ($46,171, $44,052, $24,283, and $21,475, respectively) . By the end of the first year, 25 percent, 58 percent, 6 percent, and 4 percent of colorectal, lung, breast, and prostate patients had died, respectively. Figure 1 presents a comparison of cancer-attributable costs, calculated using the three comparison cohorts described. When comparing cancer-attributable costs that were calculated using the noncancer cohort matched on demographic characteristics only versus the noncancer cohort matched on both demographic characteristics and comorbidity score, we found that adjustment for comorbidity increased the percentage of total costs attributable to cancer for prostate (64 percent vs. 60 percent, $1,059 difference in attributable cost, 95 percent CI: $843-$1,274, p < .01) and breast (66 percent vs. 65 percent, $370 difference in attributable cost, 95 percent CI: $280-$462, p < .01) cancer patients, but decreased cancer-attributable costs for lung (76 percent vs. 79 percent, $1,850 difference in attributable cost, 95 percent CI: $1,520-$2,180, p < .01) and colorectal (79 percent vs. 80 percent, $520 difference in attributable cost, 95 percent CI: $79-$959, p = .02) cancer patients.
When sensitivity analysis was performed with patients removed from the denominator following death, the percentage of total costs attributed to cancer increased for lung and colorectal cancers, but the differences in estimates of cancer-attributable costs by comparison cohort persisted. Figure 1a , b show results without and with censoring at the time of death, respectively.
When comparing cancer-attributable costs that were calculated using cancer patients in the year prior to diagnosis as their own control versus the noncancer cohort matched on demographics and comorbidities, we found that the percentage of total costs attributed to cancer was higher when using cancer patients as their own control for all four cancer types, 82 percent vs. 79 Mean cancer-attributable costs returned close to baseline by the end of the first year. For example, using a demographic and comorbidity-matched noncancer control, mean cancer-attributable costs ranged from $357 to $678 in the final month of our analysis period for the four cancers. Mean cancerattributable costs by month from diagnosis for the demographic and comorbidity-matched noncancer control are shown in Figure S1 . Figure 2 presents a comparison of cancer-attributable costs by stage of cancer. As expected, cancer-attributable costs were lower for early-stage disease, likely due to less intensive treatments required. Although the relationships between estimates calculated using the demographic versus demographic and comorbidity-matched noncancer comparison cohorts varied by stage, estimates for cancer-attributable costs remained higher when using cancer patients as their own control, compared to a demographic and comorbidity-matched noncancer comparison group.
DISCUSSION
Using data from SEER-Medicare, we calculated cancer-attributable costs for the four most common cancers in the United States, using three common comparison cohorts: (1) noncancer patients matched on demographic characteristics, (2) noncancer patients matched on demographic characteristics and comorbidity score, and (3) cancer patients in the prediagnosis period. We found that choice of comparison cohort substantially influenced the proportion of patients' total medical costs attributable to cancer in the first year of diagnosis. When using noncancer patients as the comparison cohort, controlling for comorbidities in addition to demographic characteristics increased estimates of cancer-attributable costs in prostate and breast cancers and decreased estimates in lung and colorectal cancers. Using cancer patients in the prediagnosis period resulted in higher cancer-attributable costs for all four cancer types, compared to a demographic and comorbidity-matched noncancer comparison cohort. Our analysis showed the greatest variation in prostate cancer: between 60 percent and 75 percent of total Medicare costs were attributed to cancer, depending on the comparison group that was selected. As expected, estimates of cancer-attributable costs were higher in lung and colorectal cancers, when patients' costs were censored at death. However, the differences in estimates observed when using the three different comparison cohorts remained similar, regardless of whether patients' costs were censored at death or not. Our results suggest that the consequences of choosing a comparison cohort in estimating cancer-attributable costs depend on the population and time horizon being analyzed. For example, attributable cost estimates derived from models that match only on demographic characteristics are likely to overestimate cancer-attributable costs for patients who typically have more comorbid conditions than the general population, such as lung and colorectal cancer patients. Conversely, this strategy underestimates cancer-attributable costs for patients who typically have fewer comorbid conditions than the general population, such as prostate and breast cancer patients. This might also reflect a higher propensity for healthier patients to undergo prostate and breast cancer screening, leading to greater rates of cancer diagnosis. As expected, cancer patients whose underlying comorbidity scores were closest to demographic-matched controls (e.g., breast and colorectal patients) had only minor differences in cancer-attributable costs.
Additionally, cancer-attributable costs are more likely to be influenced by choice of comparison cohort when treatment costs are lower. We found the greatest variation in costs by comparison cohort for prostate cancer patients, in whom extended courses of lower-intensity treatment are common. Conversely, the choice of comparison cohort had a smaller impact in patients with high-cost cancers, such as lung cancer. Likewise, in the months immediately following diagnosis, estimates of cancer-attributable costs are likely to be dominated by high-cost initial treatments and less influenced by choice of comparison cohort.
Thus, although the addition of a comorbidity match to a demographic match may yield more accurate attributable cost estimates when using a Notes. Mean cancer-attributable costs have been adjusted to 2013 U.S. dollars. Mean difference in cancer-attributable costs across the three comparison cohorts were compared by t-test for the noncensored analysis (i.e., dying patients remaining in the denominator for all months) and by bootstrapping with 1,000 replicates for the censored analysis (i.e., dying patients removed from the denominator after their month of death). noncancer patient control group, for high-cost cancers or in situations when costs are being estimated over a short interval following diagnosis when cancer costs are likely to predominate, omitting the comorbidity match may yield reasonable estimates. Another strategy to estimate cancer-attributable costs is to calculate costs for patients in the prediagnosis period and compare them to costs for the same patients in the postdiagnosis period ). When we used this method, we found that, for all four cancer types, cancer-attributable costs were higher than when a demographic and comorbidity-matched noncancer comparison cohort was used. This was an unexpected result, as one might expect cancer patients have underlying disease even prior to diagnosis that could result in higher control group costs in the year prior to diagnosis. One possible reason for this observation is that, when constructing a comparison group using cancer patients as their own control, cancer patients are not allowed to die until the month of diagnosis. In contrast, patients in the noncancer cohorts can die at any point after their "pseudodiagnosis" date. Consequently, all end-of-life costs occurring after diagnosis count as cancerattributable when patients are used as their own comparison group, but not necessarily so for a noncancer comparison group. Although one might expect this effect to be much greater in poor-prognosis cancers, we observed greater cancer-attributable costs for all four cancer types. Many screening studies have demonstrated a "healthy volunteer effect," in which participants in cancer screening programs tend to be in higher socioeconomic groups, lead healthier lifestyles, and live longer than nonparticipants (Pinsky et al. 2007; Croswell, Ransohoff, and Kramer 2010) . This effect may also explain why some cancer patients might have lower costs in the year prior to diagnosis than matched noncancer patients. Indeed, we observed the most striking difference in cost estimates for early-stage breast and prostate cancer patients, in whom screen-detected cancers may be responsible for a higher proportion of the total number of cases. There are several limitations to our study. We confined our analysis to comparing the effect of commonly used comparison cohorts on the calculation of cancer-attributable costs. Our analysis was limited to Medicare patients with the four most common cancers, and the availability of information on demographic and comorbid conditions was limited by the claims data. Although our results are relevant for the largest group of patients diagnosed with cancer, it is possible that differences in comparison groups might be smaller or larger for other types of cancers or groups on patients.
Nonetheless, our study demonstrates the need for careful evaluation of comparison cohorts used when calculating attributable costs, including careful consideration of underlying characteristics of the populations being studied and the intent of the analysis. When using noncancer controls, we suggest matching on comorbid characteristics in addition to demographic characteristics, whenever feasible, although a demographic-only match is a reasonable alternative in cancers that do not have a strong link to other risk factors that are also associated with comorbidities, for example, smoking, or in situations where cancer-related costs are likely to dominate noncancer-related costs. Furthermore, we observed that using patients as their own controls led to consistently higher estimates due to the factors discussed above. It is also possible that costs incurred as a result of a not-yet-diagnosed cancer could affect costs in the year prior to diagnosis when using cancer patients as their own control.
Estimating and attributing costs from readily available administrative data will become increasingly important for shaping reimbursement and payment reform. The results of our analysis underscore the need for clearly delineating comparison groups in analyses of cost and value so that estimates of cancer costs can be critically evaluated and clearly understood. 
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